the 2 high-dose groups were affected). No effects of MDMA were found on anxiety (elevated zero maze), novel object recognition, or egocentric learning (although a nonsignificant trend was observed). The Morris maze results did not support the idea that the SHRP is critical to the effects of MDMA on allocentric learning. However, since no effects on egocentric learning were found, but were apparent after PD 11-20 treatment, the results show that these 2 forms of learning have different exposure-duration sensitivities.
Introduction
(+/-)3,4 -Me t hy lene d iox y me t ha mphe t a m i ne (MDMA) has become a widely abused drug, especially among adolescents and young adults. Prevalence of use rates at these ages are 4-12% over the last decade [Akaike et al., 1991; Johnston et al., 2007] . Knowledge of the effects of MDMA on the mature brain is extensive [Green et al., 2003 ], but little is known about its effects on the developing brain, despite the fact that use during pregnancy has been documented [McElhatton et al., 1999; Ho Vorhees/Schaefer/Skelton/Grace/ Herring/Williams Dev Neurosci 2009; 31:107-120 108 et al., 2001] . Regardless of this, no studies have yet been reported on the possible neurobehavioral effects of prenatal MDMA exposure in humans.
There are several studies in animals suggesting longterm CNS effects from exposure to MDMA during early brain development [Winslow and Insel, 1990; Meyer and Ali, 2002; Won et al., 2002; Kelly et al., 2002; Koprich et al., 2003; Meyer et al., 2004] , and a few reporting no lasting effects [St. Omer et al., 1991; Broening et al., 1994; Broening et al., 1995 ; for a review, see Skelton et al., 2008] . In these experiments, rats were exposed to MDMA during stages of brain development analogous to the human first trimester and part of second trimester. There are even fewer models of second to third trimester-equivalent exposures.
Human second to third trimesters are analogous to rodent brain development during late gestation and into the neonatal period [West and Pierce, 1987; Bayer et al., 1993; Rice and Barone, 2000; Herlenius and Lagercrantz, 2004; Clancy et al., 2007a; Clancy et al., 2007b] . In developing an exposure model for MDMA comparable to third trimester human brain development, we focused on hippocampal development because of its involvement in learning and memory. In the dentate gyrus, incorporation of bromodeoxyuridine into proliferating hippocampal neurons shows peak labeling on postnatal day (PD) 9 followed by a gradual decline through PD 20 [Liu et al., 2003] . We previously found that rats exposed to MDMA exhibit long-term allocentric (spatial) learning and memory deficits in the Morris water maze (MWM) and egocentric (path integration) learning deficits in the Cincinnati water maze (CWM) when exposure was during PD 11-20, but not when exposure was during PD 1-10 [ Broening et al., 2001] . We also demonstrated that the effects of PD 11-20 MDMA treatment on MWM performance were dose-related and selective for reference memory, whereas working memory and cued learning [Williams et al., 2003b] in the MWM were unaffected. Novel object recognition was also impaired [Cohen et al., 2005] . We subsequently showed that the PD 11-20 MDMA-induced impairments were not due to growth retardation, injection, and/or litter effects [Williams et al., 2003b] , and they were not attributable to maternal rearing factors [Broening et al., 2001; Williams et al., 2003b] .
Treatment of developing animals with MDMA causes a significant release of corticosterone [Schaefer et al., 2006a; Schaefer et al., 2008] . Developmental exposure to stressors or high glucocorticoid levels result in deleterious long-term behavioral effects [Meaney et al., 1988] .
The early postnatal period up to ϳ PD 14 is known as the stress hyporesponsive period (SHRP) when the adrenal response to stress is dampened [Sapolsky and Meaney, 1986] ; however, when stressors are given, ACTH (adrenocorticotropic hormone) and corticosterone levels remain elevated for longer than they do in adults [Vazquez, 1998 ]. The SHRP is hypothesized to be the reflection of a neuroprotective mechanism that reduces the risk to developing neurons containing glucocorticoid receptors [Sapolsky and Meaney, 1986; Sapolsky, 1996] . While MDMA has multiple effects on the developing brain, including acute and long-term effects on 5-HT, PKA, and the 5-HT 1A receptors [Crawford et al., 2006; Schaefer et al., 2006a; Schaefer et al., 2008] , an understanding of its effects during hypothalamic-pituitary-adrenal (HPA) axis development, and in particular in relationship to the SHRP, has not been explored. We have previously described a period of diminished corticosterone response to methamphetamine that indicates that the SHRP for this drug is from approximately PD 5 to 14 . More recently, we have developed similar data for MDMA; these data show a drug-related diminished adrenal release of corticosterone from PD 5 to 13 [Schaefer et al., 2006b ]. Therefore, we tested the effects of MDMA to determine if the period of vulnerability for learning deficits matched the drug-related SHRP. We predicted that exposures to MDMA within the SHRP would adversely affect later learning, whereas exposures outside the SHRP would be unaffected. This is based on findings that stressors such as maternal separation during the SHRP produce longer-lasting increases in ACTH and corticosterone than at other stages of development, and these long-lasting increases result in downregulation of hippocampal mineralocorticoid receptors and a permanent change in the mineralocorticoid receptor:glucocorticoid receptor ratio which has been suggested to determine the HPA axis set-point for stress responsiveness throughout life. This, in turn, is hypothesized to underlie the behavioral deficits that arise from exposure to stressors during the SHRP [Vazquez, 1998] .
Accordingly, the present experiment was designed to test this idea by using 4 exposure intervals, 2 within and 2 outside the peak of the SHRP. Because the SHRP has imprecise boundaries, the exposure periods were set to be as close to what is known about the SHRP as possible from the drug-related data we developed previously Schaefer et al., 2006b ], but to be of the same length in order to equalize exposure duration and quantity for each treatment age (regimen). Accordingly, the following exposure intervals were tested: PD 1-5, 6-10, 11-15, and 16-20 with doses of 0, 10, 15, 20 , and 25 mg/kg/dose for each regimen. Doses of MDMA were selected to compensate for the reduction in exposure interval compared to the previous 10-day exposure experiments [Broening et al., 2001; Williams et al., 2003b; Vorhees et al., 2004; Skelton et al., 2006; Vorhees et al., 2007] .
Materials and Methods

Subjects
Nulliparous female Sprague-Dawley CD/IGS rats (Charles River, Raleigh, N.C., USA) were bred in-house to males of the same strain and supplier. Evidence of pregnancy was designated as embryonic day (ED) 0 and most females delivered on ED 22. Birth was designated PD 0 and litters were culled to 5 males and 5 females on PD 1. The animals were maintained in polycarbonate cages (46 ! 24 ! 20 cm) on a 14-hour light/10-hour dark cycle (lights on at 06: 00 h) with food and water available ad libitum in a vivarium at 21 8 1° C with 50 8 10% humidity, and accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. The research protocol was approved by the Institutional Animal Care and Use Committee. Within each litter, 1 male and 1 female were uniquely identified from PD 1 to 5 with a permanent marker and by ear-punch thereafter. Each group received 4 doses given every 2 h each day. The groups received either 0, 10, 15, 20, or 25 mg/kg (+/-)3,4-methylenedioxymethamphetamine HCl (calculated as the free base and greater than 95% pure, obtained from the National Institute on Drug Abuse and dissolved in saline and given in a volume of 3 ml/kg).
We have previously shown that the biological half-life of MDMA in PD-1 rats is 2.75 h and in PD-11 rats it is 4 h after a dose of 20 mg/kg given subcutaneously . Hence, the 2-h interdose interval used herein should produce an internal dose higher than that induced by a single 20-mg/kg injection (depending on the exposure age), but the internal dose will be much less than what would occur if the daily dose were given all at once in a single dose.
All doses were given subcutaneously in the dorsum, and injection sites were varied to prevent irritation. Twenty litters were assigned to each of the 4 exposure regimens (ages): PD 1-5, 6-10, 11-15, and 16-20 . Once the experiment began, an increase in offspring mortality was immediately observed in the PD 1-5 regimen. Accordingly, 25 litters were assigned to this condition, hence a total of 85 litters were used in the experiment. Since not all litters were born with the full complement of 5 males and 5 females, up to 2 pups were cross-fostered from litters of the same age if necessary.
All litters were weighed on PD 1, 5, 6, 10, 11, 15, 16 , and 20 and prior to each dose. Litters were separated on PD 28 and housed in same-sex pairs for the remainder of the experiment. Offspring were weighed weekly after PD 28. Testing began on PD 60.
Elevated Zero Maze Animals were tested in an elevated zero maze as a test of anxiety [Shepherd et al., 1994] . Animals were placed in the center of one of the closed areas of the ring-shaped apparatus, and behavior was recorded for 5 min with an overhead camera connected to a DVD-R. The circular runway was 105 cm in diameter with a path width of 10 cm; 2 quadrants of the ring were enclosed by black acrylic sidewalls and 2 quadrants were open; the latter had a 1-cm clear acrylic curb to prevent slipping off the edge [Williams et al., 2003a] 
Locomotor Activity
Locomotor activity was measured for 1 h in a 41 ! 41 ! 30 cm Accuscan activity monitor equipped with 16 pairs of photodetector-LED beams along the X and Y axes (Accuscan Electronics with VersaMax software, Columbus, Ohio, USA). The test was conducted 1-1.5 h following removal from the elevated zero maze. The apparatus was cleaned with a 70% ethanol solution between animals. Total horizontal, vertical, and regional (central vs. peripheral) distances moved were recorded in 5-min intervals.
Novel Object Recognition
One day following locomotor activity testing, animals began habituation to the testing arena used for novel object recognition. Circular polyethylene (91 cm in diameter) testing arenas were used with 51-cm high side walls. Each animal was given 10 min exposure to the arena per day for 3 days to habituate to the test environment. The test phase took place on the fourth day and was divided into 2 phases: familiarization and retention. The familiarization phase entailed placing 2 identical objects 25 cm from the sides of the arena and 41 cm apart. Rats were placed in the arena between the 2 objects and given a maximum of 10 min to accumulate 30 s of object exploration [Clark et al., 2000] ; any animal not meeting this criterion was eliminated from further object-recognition testing. Object exploration was defined as the animal standing within 1 cm and oriented towards the object. Exploration of an object was defined as the animal sniffing or pawing the object; however, climbing on the object was not counted [Clark et al., 2000] . The retention phase began 1 h after familiarization. A new object was introduced along with a duplicate of 1 of the original objects. As in the familiarization phase, the animals had 10 min to complete 30 s of object exploration. A video camera connected to a monitor was placed over the testing arena and behavior was scored in real-time by an observer using ODLog (Macropod Software, www.macropodsoftware.com) scoring program. Time exploring the objects was analyzed.
Straight Channel
After 1 day of no testing, animals were then tested in a 15 ! 244 cm straight swimming channel with a wire escape ladder mounted at one end. Each rat received 4 consecutive trials on the test day. On each trial, the rat was placed at one end facing the end wall and timed until it grasped the escape at the opposite end (maximum time = 2 min/trial).
Cincinnati Water Maze
One day later, animals began testing in the CWM. The CWM was developed as previously described [Vorhees, 1987] . The CWM consists of 9 closed T-shaped cul-de-sacs that branch from a cenVorhees/Schaefer/Skelton/Grace/ Herring/Williams tral channel extending from the starting point to the goal where an escape ladder is positioned. The arms of each T and the channels are 15 cm wide and the walls are 51 cm high. The water was 25 8 1 cm deep and maintained at room temperature (22 8 1 ° C). Testing was performed under infrared light using an infrared light emitter and closed circuit camera in order to eliminate extramaze (distal spatial) cues. Animals were acclimated to the dark for at least 5 min prior to being placed in the maze. To begin each trial, an animal was placed in the start position and allowed to find the goal (escape ladder). Two back-to-back trials per day were given with a 5-min limit per trial. Animals failing to escape within 5 min on their first daily trial were given at least a 5-min rest interval before their second trial. Errors, latency to escape, and number of returns to the start zone were recorded. An error was defined as head and shoulder entry into 1 of the arms of a T-section. Animals were tested for 15 consecutive days.
Morris Water Maze
The MWM tank was 210 cm in diameter with 51 cm high side walls, made of stainless steel, and painted flat black . The maze was surrounded on all sides by white curtains that could be opened or closed to reveal or obscure prominent room cues. In addition to the indigenous room cues, the 3 nearest walls (arbitrarily north, east, and west points) had large geometric figures prominently displayed. Animals were given 3 separate test phases. Each phase consisted of 4 trials per day (curtain open; 2-min limit per trial) for 5 successive days followed by 1 additional day on which a single probe trial was given (curtains open). The intertrial interval was 15 s spent on the platform. Animals not finding the platform within 2 min were removed from the water and placed on the platform. The platforms (either 10 ! 10 cm or 5 ! 5 cm) were made of clear acrylic with thin nylon screening attached to the surface. During testing, the platform was positioned 1.5-2 cm below the surface of the water, and was camouflaged by virtue of being transparent against a black background. Water temperature was 21 8 1 ° C.
During phase 1 (acquisition phase), the 10 ! 10 cm platform was located in the south-west quadrant halfway between the center and the sidewall. Rats were started at 1 of 4 positions located distal to the quadrant containing the platform in a random order, with the restraint that they received 1 trial from each of the 4 starting positions per day. The start positions used were: northwest, north, east, and south-east. These positions were used to eliminate short-path solutions such as when south or west start positions are used. The day after the last acquisition trial, each rat was given a single 30-second probe trial. For the probe trial, rats were started from a position they had never been started from before (north-east) with the platform removed.
The next day after the acquisition probe trial, rats were tested in the MWM in phase 2 (reversal) with the same 10 ! 10 cm platform. For this phase, the platform was moved to the north-east quadrant. The same procedure used for acquisition was used for reversal (5 days, 4 trials/day). Start positions were south-east, south, west, and north-west. On the sixth day, the platform was removed and a 30-second reversal probe trial was given, with the start position being south-west.
The day after completion of the reversal phase, rats were tested in the MWM in phase 3 (shifted-reduced phase). For this phase, the platform was moved to the north-west quadrant, and the platform was changed to one 75% smaller than the original (i.e. 5 ! 5 cm). All other aspects of the test were the same as for acquisition and reversal, including a 30-second probe trial the day after the last shifted-reduced trial.
Following completion of the 3 hidden platform phases of testing in the MWM, the animals were tested for cued learning. During this test, curtains were closed around the pool to obscure distal cues, and the platform had a plastic ball mounted above it on a steel rod in order to mark its location. During this test, both the start and platform positions were changed on every trial. Animals were given 4 trials on 2 successive days with a maximum of 2 min per trial and an intertrial interval of approximately 15 s (5 s on the platform and 10 s in a transfer cage).
Performance was recorded using Smart video-tracking software (San Diego Instruments, San Diego, Calif., USA). For the learning trials, path length, cumulative distance from the platform, latency, and speed were analyzed. For the probe trials, dependent measures were time and distance in the target quadrant, number of site crossovers, average distance from the platform site, and mean search distance (the time in the target quadrant minus time in each of the other quadrants divided by 3). The tracker recorded the animal's position every 0.2 s.
Statistical Procedures
Because the experiment used a split-litter design, offspring were matched on multiple factors by virtue of being littermates. In order to ensure that litter effects were controlled in the analyses, litter was treated as a random factor (block) in a completely randomized block model analysis of variance (ANOVA). In this model, group (i.e. doses) and sex were between factors within each block and litter was the block factor. Measures taken repetitively on the same animal, such as time interval for locomotor activity testing or day for maze testing, were treated as repeated-measure factors. Treatment age (regimen) was included as a between-subject factor since separate litters were used for each treatment regimen. Data were analyzed using general mixed-model ANOVA (Proc Mixed, SAS Institute, Cary, N.C., USA). Each data set was checked for best fit to different covariance models. In most cases, best-fit parameters indicated that the autoregressive-1 covariance structure was best. Significant interactions were analyzed using simple-effect slice ANOVA at each level of the repeated-measure factor. Kenward-Rogers degrees of freedom were used and can be fractional. Pairwise group comparison used the step-down Hochberg test (Proc Multtest, SAS Institute). Pairwise group comparisons were restricted to those between the saline and each MDMA treatment group within each treatment regimen (age). Based on multiple previous experiments with MDMA showing learning deficits, we predicted and only tested for MDMA-induced impaired performance on the learning tests (one-tailed). No predictions were made for the elevated zero maze or locomotor activity, any treatment effects on these were tested nondirectionally (two-tailed).
Results
General Characteristics
An analysis of mortality showed that for the PD 1-5 regimen, MDMA caused a significant increase in mortality ( mortality was found for the other 3 treatment regimens. All mortality in the experiment occurred either during the drug exposure period or shortly thereafter with one exception. The exception was 1 animal that died after weaning. The increased mortality observed in the PD 1-5 regimen was dose-dependent: increasing mortality with increasing MDMA dose. With the exception of a single animal in the PD 1-5 regimen, the saline controls were unaffected. Accordingly, the PD 1-5 mortality was the result of drug treatment and not early handling, maternal separation during dosing, or the stress associated with subcutaneous injections. Despite the increased mortality in the PD 1-5 regimen, the assignment of extra litters to the PD 1-5 regimen compensated for the losses sufficiently such that there were enough survivors to test behaviorally.
Analyses of body weights during treatment for the 4 different dosing regimens (10, 15, 20, and 25 mg/kg = groups MDMA-10, 15, 20, and 25, respectively) showed effects of drug treatment, sex, day, and drug treatment ! day (all p ! 0.0001). Slice effect ANOVA for the PD 1-5 regimen showed no treatment differences on PD 1 or 2; differences were significant on PD 3-5. On PD 3, the MDMA-25 and MDMA-20 groups were significantly lighter than saline controls, whereas on PD 4-5, all MDMA groups were lighter than controls.
Similarly for PD 6-10 body weights, slice ANOVA showed no drug treatment effects on PD 6, but all MDMA groups were lighter than saline controls on PD 7-10.
For PD 11-16 body weights, slice ANOVA showed no drug treatment effects on PD 11 and significant differences on PD 12-15 with all MDMA-treated groups lighter than saline controls.
The same pattern was seen for PD 16-20 body weights, with slice ANOVA showing no differences on PD 16 and significant differences on PD 17-20 with all MDMAtreated groups weighing less than saline controls.
In order to determine if body weight reductions seen during dosing recovered, offspring were weighed weekly from the end of treatment to the end of behavioral testing (PD 21-98; table 2 ). A repeated-measure ANO-VA on weekly weights showed a significant drug treatment effect [F(4,757) = 16.39, p ! 0.0001], but no drug treatment ! week interaction. All MDMA-treated groups had lower body weights than the saline-treated group. Sex (males weighed more than females) and week effects were significant as was the sex ! week interaction (all p ! 0.0001). Regimen was not a significant factor alone, but did interact with week (p ! 0.0005). However, slice effect ANOVA performed each week failed to show any week as having a significant regimen effect. The week that came closest was week 12 (PD 98; p = 0.057). Data show number of offspring that died during or shortly after treatment/total number of offspring. There was one death after weaning.
Elevated Zero Maze
* p < 0.05, ** p < 0.01 compared to saline (same sex).
Vorhees/Schaefer/Skelton/Grace/ Herring/Williams Data are presented as least-squares means 8 SEM; n = the number of animals per group. PD 56 was chosen to show weight shortly before the start of behavioral testing on PD 60. PD 98 was chosen to show weight near the end of behavioral testing on PD 101. * p < 0.0001 compared to saline.
Locomotor Activity
All measures showed similar patterns of significant drug treatment effects. For the measures of horizontal distance, drug treatment effects were evident (d.f. = 4, 554: total distance F = 3.46, p ! 0.01, peripheral distance F = 3.03, p ! 0.02, and central distance F = 2.70, p ! 0.03). Sex was significant for total and peripheral distance (p ! 0.001), but not central distance. In addition, there were drug treatment ! interval interactions (d.f. = 20, 3,035: total distance F = 2.42, p ! 0.0004, peripheral distance F = 1.80, p ! 0.02, central distance F = 2.62, p ! 0.0001). One other factor was significant only for central distance and this was the drug treatment ! regimen ! interval interaction [F(60, 3,195 ) = 1.44, p ! 0.02]. For vertical movement (rears), the drug treatment main effect was not significant, but sex (p ! 0.0001) and the drug treatment ! interval interaction [F(20, 3,090) = 2.15, p ! 0.01] were. For illustrative purposes, the distance measures are shown in figure 1 . Pairwise group comparisons comparing each MDMA group to control showed that for total distance the 3 highestdose MDMA groups were less active than saline controls, while the MDMA-10 group did not differ significantly. This pattern was repeated for both peripheral and central distances, with no apparent differential peripheral versus central differences in the direction or magnitude of the MDMA effects.
For all variables, the drug treatment ! interval interaction was further analyzed using slice effect ANOVA for each interval. Drug treatment (irrespective of treatment regimen) was significant for all variables for interval 1 (analyzed in 10-min intervals). In interval 1, the MDMA groups were less active than saline controls. For central distance, the 3-way interaction of drug treatment ! regimen ! interval was further analyzed by slice effect ANOVA for each interval of each regimen. For all 4 regimens, drug treatment effects were found only for interval 1. Pairwise group comparisons are shown in figure 2 . For the PD 1-5 and PD 6-10 regimens, all four MDMAtreated groups were less active; however, for the PD 11-15 regimen, the effect was less pronounced with only the MDMA-15 and MDMA-25 groups showing significant reductions in central distance. For the PD 16-20 regimen, no MDMA-related hypoactivity during interval 1 was observed, and the MDMA-25 group showed a small but significant increase.
Novel Object Recognition
An analysis of time spent investigating the 2 identical objects during familiarization showed no drug treatment or regimen effects. Similarly, during retention testing with 1 familiar and 1 novel object, no significant drug treatment or regimen effects were obtained (not shown).
Straight Channel
There were no significant effects of drug treatment (main effects or interactions) or regimen on straight channel swimming times, indicating that neither MDMA nor age of treatment had any effect on basic swimming ability or motivation to escape (not shown).
Cincinnati Water Maze
Analyses of CWM performance showed no drug treatment effects (either main effects or interactions) for errors, latency to escape, or start returns (not shown). In addition, there were no significant effects of regimen on any of these measures. There were significant effects of sex for errors (p ! 0.0001), latency (p ! 0.0001), and start returns (p ! 0.0001). On this test, as we have found previously, females (regardless of treatment group) performed significantly better than males (i.e. females had fewer errors, shorter latencies, and fewer start returns).
MWM -Phase 1
Analyses on learning trials focused on latency, path length and cumulative distance from the goal during all 3 test phases. There was good agreement among these variables, and we have previously shown them to be highly correlated among themselves ; therefore, data for path length are reported to illustrate the findings.
MDMA treatment significantly impaired learning to find the hidden platform as measured by path length during phase 1 [acquisition; F(4, 634) = 4.22, p ! 0.003]. Oth- When further analyzed, the regimen ! day effect was primarily attributable to a regimen effect on day 1 (p ! 0.001). The day-1 regimen effect, averaged across groups, is illustrated in figure 3 a. As can been seen, the PD 6-10 and PD 11-15 regimens had longer path lengths than those in the PD 1-5 regimen and the PD 11-15 regimen had longer path lengths than the PD 16-20 regimen. The sex effect was caused by the fact that across all groups and regimens, males performed better than females (ordinary mean 8 SEM averaged across days: males = 740.0 8 12.8 cm, females = 841.2 8 17.2 cm). In terms of the hypothesis under investigation, there were no drug ! regimen, drug ! regimen ! sex, drug ! regimen ! day, or 4-way drug ! regimen ! sex ! day effects. The significant main effect of drug treatment, averaged across regimens, is illustrated in figure 4 . As can be seen, during phase 1, all four MDMA-treated groups had significantly increased path lengths compared to saline controls by approximately 15%.
Variables analyzed on the probe trials were average distance from the platform site, percent time and distance in the target quadrant, number of site crossovers, and mean search distance (distance in the target quadrant minus distance in each of the other quadrants subtracted separately and divided by 3). Analyses of these variables for the phase-1 probe trial showed no significant effects of drug treatment or regimen. Sex was significant because males performed significantly better than females (average distance from platform site: males = 126.9 8 1.7 cm, females = 139.0 8 1.7 cm).
MWM -Phase 2
For phase 2 (reversal), the ANOVA on path length showed a drug treatment effect [F(4, 626) = 2.51, p ! 0.04]. Other factors were a significant effect of sex (p ! 0.0001), day (p ! 0.001), regimen ! day (p ! 0.03), and a nearly significant effect of regimen (p ! 0.052). In terms of the hypothesis, there were no significant interactions of drug treatment ! regimen. Further analysis of the regimen ! day effects showed that regimen was significant only on day 2 (p ! 0.004). The day-2 regimen effect was that the PD 6-10 and PD 11-15 regimens had longer path lengths than the PD 16-20 regimen ( fig. 3 b) . The drug treatment effect irrespective of regimen for phase 2 is shown in figFig. 3 . MWM treatment regimen effects: path length (least-squares means 8 SEM in centimeters) to find the submerged platform averaged across trials, sexes and treatment groups to illustrate the main effect of treatment regimen (age). a Regimen effects during phase 1 (acquisition) of testing on day 1. b Regimen effects during phase 2 (reversal) of testing on day 2. Group sizes averaged across treatment groups and sexes for each regimen were: PD 1-5: = 139, PD 6-10 = 194; PD 11-15 = 189; PD 16-20 = 198. * * p ! 0.01 between the regimens connected by brackets. Vorhees/Schaefer/Skelton/Grace/ Herring/Williams ure 4 . As for phase 1, in phase 2 all four MDMA-treated groups had longer swim paths to the goal than saline controls.
For the probe trial conducted after phase-2 training, there were no drug treatment effects and no drug treatment ! regimen interactions (not shown). Sex was significant as before.
MWM -Phase 3
The ANOVA on path length revealed an effect of drug treatment [F(4, 607) = 3.12, p ! 0.015] . Sex was also significant (p ! 0.0001); regimen was not. In terms of the hypothesis, there were no significant interactions between drug treatment ! regimen. The effects of drug treatment, irrespective of regimen, are shown in figure 4 . During this phase, the MDMA-20 and MDMA-25 groups differed significantly in path length to the goal compared to saline controls, whereas the MDMA-10 and MDMA-15 groups did not.
For the probe trial conducted after phase 3, there were no effects of drug treatment or drug treatment ! regimen (not shown). Sex was significant as before.
Learning curves of path length for MWM phase 1 are shown in figure 5 . Drug group differences emerged rapidly, and were already apparent in all MDMA groups on day 1. Figure 5 (inset) shows the emergence of these differences when plotted by trial for day 1. As can be seen, the MDMA-treated groups started out on trial 1 at performance levels no different from those of saline controls. However, thereafter saline controls showed greater reductions in path lengths than the MDMA-treated groups. These data reveal that the MDMA groups did not start the task with any preexisting swimming impairment that might explain their deficits in terms of performance effects. Rather, the MDMA-treated groups began the test comparably to controls, but failed to eliminate off-target swim paths to the goal as quickly as saline controls.
MWM -Swim Speed
On all 3 test phases, for both learning and probe trials, swimming speed was also analyzed. There were no drug treatment effects on swimming speed seen in any of these analyses (not shown). This further indicates that MDMAtreated animals do not have a performance deficit that would interfere with their ability to learn the task; rather, the data suggest that a central deficit led to the observed spatial navigation impairments.
MWM -Cued
There were no significant drug treatment impairments found on cued trials; in fact, the opposite was seen, and all the drug groups reached the visible platform more quickly than saline controls [F(4, 614) 12.2 8 0.6 s]. This reinforces the evidence that MDMAtreatment did not impair swimming performance even though it impaired spatial navigation ability.
Discussion
The major findings from this experiment were that neonatal MDMA treatment during any 1 of 4 intervals from PD 1-20 causes dose-dependent impaired learning in the MWM when tested as adults. The data demonstrated that these allocentric (spatial) deficits were independent of swimming speed, were present during all 3 phases of the test (acquisition, reversal, and shifted-reduced platform trials), and were selective, in that other types of learning were not affected. The effects were consistent inasmuch as they were seen on all measures (path length, latency, and cumulative distance). By contrast, cued learning was unimpaired by MDMA as previously reported with a 10-day dosing regimen [Williams et al., 2003b] . Unexpectedly, egocentric learning tested in the CWM was not significantly affected by the shorter regimen of MDMA treatment, nor was novel object recognition despite the fact that we have seen MDMA-induced deficits in both of these tests when the treatment interval was longer [Williams et al., 2003b; Cohen et al., 2005] . There was also no effect observed on indices of anxiety in the elevated zero maze. On the other hand, MDMA-treated groups were less active in a test of locomotor activity and this effect was largely confined to the first 10 min. The activity reduction was modest and was relatively uniform with no differential effect on central versus peripheral exploration, and activity levels were comparable to saline controls for the last 50 min. Therefore, the slight reduction in activity on land is unlikely to explain any deficits that were observed in MWM performance. Moreover, if a reduction in activity were to have an effect on swimming then it should have affected straight channel, CWM, and MWM alike; in fact, only the learning trials of the MWM were affected, swimming speed was not, making a general hypoactivity explanation for the MWM learning deficits implausible.
The central hypothesis of this experiment arose from data showing that there is a developmental profile of MDMA-induced corticosterone release that closely matches the SHRP. There are also SHRP data showing that this is a vulnerable stage of development if animals are exposed to stressors that can produce high glucocorticoid levels. It has been noted that stressors applied during the SHRP can lead to long-term biochemical and behavioral changes [Vazquez, 1998 ]. On the basis of observations about the SHRP, we anticipated that an exposure period to MDMA that preceded the SHRP (i.e. PD 1-5) would show a diminished learning and memory deficit. Similarly, we anticipated that exposure periods after the peak of the SHRP would also show a diminished response to the drug. This prediction was not confirmed inasmuch as all 4 exposure periods induced statistically comparable impaired allocentric learning, although a nonsignificant trend consistent with increased effects during the SHRP was observed in the group means. Also, in contrast to our predictions and previous data with longer exposure periods, none of the 4 exposure periods impaired egocentric learning or novel object recognition, even though we have shown impairment on both of these tests after PD 11-20 MDMA treatment [Cohen et al., 2005; Vorhees et al., 2007] . We surmise that egocentric learning and novel object recognition were significantly affected by both dose and duration of exposure in our previous experiments, rather than dose alone. Why this might be the case given that our PD 11-15 and PD 16-20 dosing regimens completely cover the PD 11-20 exposure interval is not clear, but suggests that there must be a cumulative damaging effect with the 10 days of treatment that does not occur with separate 5-day treatment periods even with total drug exposure similar between the 10-day and 5-day regimens. An interesting question would be whether a different 10-day exposure period, such as PD 6-15 or PD 7-16, etc., would more closely resemble the findings obtained herein or would more closely resemble those we have reported previously after PD 11-20 treatment. Regardless, the data point to an interesting observation: the effects of developmental MDMA treatment are not easily predicted based on treatment period alone, and that to characterize long-term effects from early drug treatments requires investigation of exposure period, dose, and duration of exposure. The permutations that arise from the combinations of 3 factors suggest significant complexity in predicting the effects of developmental drug treatments on brain function.
The extrapolation of dose across species is a complex matter because of metabolic rates, pattern of metabolite production, volume of distribution and other factors that differ significantly between humans and rats. We have previously discussed how the current doses compare (favorably) to reported human MDMA doses when interspecies dose-scaling formulas are used . However, these scaling approaches have limitations as noted elsewhere [De La Torre and Farre, 2004] . Another way doses may be compared is based on plasma drug concentrations. A recent human study measured plasma MDMA 8-10 h after the start of a rave party at which MDMA was taken. Ten hours is close to the biological half-life of MDMA in humans [Green et al., 2003] . In this study, the average plasma MDMA concentration in the highest using subgroup at 1 half-life postexposure was approximately 750 ng/ml [Irvine et al., 2006] . Based on our previous pharmacokinetic study in young rats, where the biological half-life of MDMA at PD 1 was 2.75 h and at PD 11 was 4 h, the approximate plasma concentration of MDMA 1-half-life postexposure to 20 mg/kg was 1,000 ng/mg at PD 1 and 2,200 ng/ml at PD 11 . This comparison suggests that although our doses are higher than those in this particular human study, they are in the same range of our 20 mg/kg group. Therefore, since we found effects at the 2 lower doses of 10 and 15 mg/kg of MDMA, the plasma levels in rats at these doses would be even closer to the human values [Irvine et al., 2006] . Offsetting this in the opposite direction is the fact that we gave repeated doses whereas our neonatal pharmacokinetic data are based on single doses. However, human users also take multiple doses to obtain the 750 ng/ml concentrations, suggesting that a multiple-dose model such as ours bears a reasonable resemblance to human use patterns.
The doses MDMA users take per occasion vary widely. In a review of the literature Parrott [2005] found that novice users typically take 1 tablet, regular users 2-3 tablets, and heavy users 10-25 tablets per occasion. In surveys of confiscated ecstasy tablets, analytical assays show that tablets are relatively consistent and contain 75-100 mg of MDMA. Using the 100 mg/tablet for comparisons purposes, this would translate into doses of 100, 200-300, and 1,000-25,000 mg per occasion of ingestion of MDMA for novice, regular, and heavy users, respectively. Assuming a body mass of 60 kg for a pregnant woman, these weight-adjusted doses would be 1.7, 3.3-5, and 16.7-41.7 mg/kg/occasion. These extrapolations suggest that the current experiment is modeling the heavy use pattern, but a very realistic pattern nevertheless.
Together with our previous data on the acute and longterm effects of developmental MDMA [for a recent review, see Skelton et al., 2008] these studies demonstrate that MDMA has clear long-term adverse effects on brain function. This suggests that similar effects may occur in children exposed during pregnancy to MDMA.
